Connective tissue progenitors (CTPs) are defined as the heterogeneous population of tissue-resident stem and progenitor cells that are capable of proliferating and differentiating into connective tissue phenotypes. The prevalence and variation in clonal progeny of CTPs can be characterized using a colony formation assay. However, colony assays do not directly assess the characteristics of the colony-founding CTP. We performed large, field-of-view, time-lapse microscopy to manually track colonies back to the founding cells. Image processing and analysis was used to characterize the colonies and their founding cells. We found that the traditional colony-forming unit (CFU) assay underestimates the number of founding cells as colonies can be formed by more than one founding cell. After 6 days in culture, colonies do not completely express CD73, CD90, and CD105. Heterogeneity in colony cells was characterized by two cell populations, proliferative and spread cells. Regression modelling of duration of lag phase and doubling time by cell marker suggests the presence of CD90 and CD105 in CTP subpopulations with different proliferative capabilities. From mathematical modelling of clonal colonies, we quantitatively characterized proliferation, migration, and cell marker expression rates to identify desirable clones for selection. Direct assessment of colony formation parameters led to more accurate assessment of CFU heterogeneity. Furthermore, these parameters can be used to quantify the diversity and hierarchy of stem and progenitor cells from a cell source or tissue for tissue engineering applications. KEYWORDS cell-surface marker characterization, colony-forming unit assay, quantitative image analysis, stem and progenitor cells, stem cell modelling, time-lapse microscopy
The heterogeneity among colony-founding CTPs can be assessed by measuring differences between colonies (e.g., cell number, cell density, and expression of surface markers). The CFU assay for assessing heterogeneity of CTP and other stem cell types has been standardized with automated CFU analysis (American Society for Testing and Materials F2944-12, 2012) . Automated CFU analysis can minimize the high variability in colony counting by subjective reviewers and provides a rapid, objective method to assess functional differences in CTPs and their progeny. Although useful, the CFU assay is limited in that it does not directly assess the colony-founding CTPs. The number and biological variation among clones of colony-founding CTPs are only inferred from the colonies that they form.
It is therefore desirable to design methods that can directly characterize the colony-founding CTP. Clonal analysis can be performed using several established methods, but each are faced with limitations (Hope & Bhatia, 2011) . A variation on the CFU assay that uses limiting dilution to clonally isolate CTPs is challenging because freshly isolated CTPs represent only a small fraction of cells in native tissue. This decreases, but does not eliminate, the chance that a colony has been founded by more than one cell. Establishing a single plating density for the limited dilution approach across multiple donor samples is also confounded by large variation in CTP prevalence between patient samples (Muschler, Nitto, Boehm, & Easley, 2001) . Physical methods to separate cells, such as fluorescence activated cell sorting, can also damage cells and result in a loss of colony-forming efficiency (Mollet, Godoy-Silva, Berdugo, & Chalmers, 2008) .
To overcome the limitations of these methods and enable direct assessment of colony-founding CTPs, we developed a large field-ofview live-cell imaging system with phase-contrast and fluorescence capabilities that enables cell tracking from the time of seeding through colony formation. Using both manual cell tracking and mathematical modelling, quantitative characterization of CTP heterogeneity was developed on the basis of proliferation rate, time to first division, migration rate, and cell marker expression rate of both the founding CTP and progeny. These features derived from time-lapse imaging can be reflective of the identity, starting state, and biological potential of the founding cell. These criteria can be used to understand the diversity and hierarchy of stem and progenitor cells within a cell source and evaluate clonal populations in colonies for subsequent use in research or therapeutic applications.
| METHODS

| Time-lapse imaging strategy
Time-lapse imaging was performed on cells harvested from the trabecular surface of discarded bone core samples. Cells were plated and imaged every hour with phase-contrast microscopy to document colony formation. Cells were labelled every 24 hr with fluorescent antibodies for cell-surface markers to track cell marker expression.
Following 6 days in culture, image processing and analysis was performed to segment and characterize colonies. The time lapse was reversed to identify the colony-founding CTP and whether the colony was clonally founded by a single cell. Proliferative cells for both clonal and nonclonal colonies were manually tracked to determine time to first division and doubling time. Clonal colony time-lapse images were processed and analysed with a mathematical model to additionally characterize cell migration rate and surface marker expression rate. 
| Live-cell imaging system
| Cell harvest and culture
Discarded bone core samples from the proximal femur were received from three patients undergoing hip arthroplasty procedures.
Discarded bone core samples from primary hip arthroplasty procedures have been previously studied as a potential stem cell source (Chang, Docheva, Knothe, & Knothe Tate, 2014; Siclari et al., 2013) .
Discarded samples were de-identified, human subject research exempt, and acquired under a protocol approved by the Cleveland Clinic Central Biorepository. Samples were sterilely minced in media into 1-to 2-mm fragments using forceps and a sharp osteotome.
Medium containing 100 U/ml Collagenase Type I in Hank's buffered salt solution was added to the fragments of trabecular bone for 1.5 hr at 37°C. Collagenase activity was stopped using complete α-MEM media and 10% fetal bovine serum at a 1:1 ratio. Cells were passed through a 70-μm cell strainer to filter out bone fragments and large debris. Cells were pelleted and resuspended in complete media to remove excess collagenase. Resulting cells were collected as the trabecular surface cell population (Qadan et al., 2018) .
| Cell culture and time lapse
Cells were seeded in 2 × 2-cm μ-Slide 2 Well Ph+ chamber slide (Ibidi, Planegg/Martinsried, Germany) at a plating density of 250,000 cells per chamber in α-MEM media, 10% fetal bovine serum, and 1% penicillin-streptomycin. Cells were cultured at 3% oxygen tension, physiologically relevant conditions for bone-derived CTP characterization (Villarruel et al., 2008) .
Cells were allowed 24 hr to settle and adhere to the slide. Cells were washed to remove nonadherent cells to allow visualization of the colony-founding cells. Cells were then labelled using antibodies directly conjugated with fluorophores to characterize surface marker expression on live colony-founding cells and their progeny. This technique has been used in several imaging applications for live, surface marker detection (Chan et al., 2009; Eilken et al., 2011) . Cell markers CD73, CD90, and CD105 were selected for study. The International Society of Cell Therapy defines multipotent, mesenchymal stromal cells (MSCs) such that 95% of cells in a population have positive marker expression of CD73, CD90, and CD105 (Dominici et al., 2006) . Our aim was to determine the prevalence and variation in freshly isolated CTPs from human trabecular surface cells and the variation in emergence of MSC marker expression among the progeny of colony-founding CTPs during colony formation.
Cells were labelled using directly conjugated antibodies Alexa488-CD105 (BioLegend, San Diego, CA), PE-CF594-CD73 (BD Biosciences, San Jose, CA), and Alexa647-CD90 (BioLegend). Controls used to titrate antibody concentrations for live labelling of cell-surface markers resulted in a fluorescent antibody ratio of 1:150, which was added directly to the culture media for 30 min ( Figure S1 ). Phasecontrast images were taken every hour at 10× magnification with 2 × 2 binning to track cell proliferation and migration. Cells were labelled and fluorescently imaged every 24 hr to detect cell marker expression on the colony-founding cells and their progeny. Prior to fluorescence imaging, α-MEM media were removed. Cells were washed once with phosphate-buffered saline, and OptiKlear Live Cell Imaging Buffer (Marker Gene Technologies, Eugene, OR) was added to reduce background autofluorescence. Cells were cultured for 6 days to provide sufficient time for colonies to develop and minimize the confounding effects of overgrowth or overlap between adjacent colonies.
| Image processing and analysis
Phase-contrast images were processed using custom scripts developed in MATLAB 7.12.0 (MathWorks, Natick, MA). Images were cropped to only include the region of the chamber-containing colonies. Images were subsampled by 50% for a resolution of 2.7 μm per pixel for analysis. Background correction for large dark and bright background artefacts was performed by subtracting a median-filtered (11 × 11 pixel) image from the original image. An 11 × 11-pixel bottom-hat filtering was performed on the background-corrected image to filter out bright objects from dark adherent cells. Images were manually threshold segmented, and noncell artefacts were excluded by morphological filtering based on roundness (4 × Area/ (π × Major Axis Diameter 2 )) less than 0.7 and aspect ratio (Major Axis Diameter/Minor Axis Diameter) larger than 1.3 to segment cells with adherent cell morphology. Colonies were identified in Day 6 images to cluster segmented cells using a Euclidean distance of 108 μm.
Fluorescence images were processed sequentially and analysed using Fiji (Schindelin et al., 2012) . Denoising using the Rudin-Osher-Fatemi method was used to reduce background noise in each fluorescence channel. A 21-pixel rolling ball algorithm was used to correct for background fluorescence. Positive cell marker expression was identified using a normalized histogram of the corrected fluorescence image and the triangle threshold algorithm.
Due to the halo effect, phase-contrast images were found to undersegment the cell area relative to the fluorescence segmentation of certain markers. Therefore, total cell area in the colony was calculated as the union of the phase-contrast segmentation and the fluorescence segmentation masks (derived above from MATLAB and Fiji) of all the markers. Analysis of cell, cell marker, and colony segmentation was performed using Fiji. Per cent cell marker expression was normalized to the total cell area. Further details and image workflow are described in Appendix A.
| Cell tracking
Image analysis was performed for colonies at Day 6 ( Figure 1a ).
Following colony identification, after 6 days in culture, the time lapse was reversed, and colonies were manually tracked back to the colonyfounding CTP. Image analysis was performed on CTPs as described above (Figure 1b ). Apparent prevalence is calculated by assuming each colony is founded by a single founding cell and dividing the number of colonies identified in the chamber by the total number of cells plated.
Colonies founded by a single founding cell were classified as a clonal colony. Colonies founded by more than one cell or were formed by the merging of more than one colony were classified as nonclonal.
Colonies not formed by identifiable founding cells and arose as a result of migration from a main colony or displacement from a main colony after a media change were classified as pseudocolonies ( Figure 2 ).
The number of CTPs contributing to colony formation was determined from the cell tracking. This number was used to calculate the 
| Mathematical model for clonal colony characterization
Clonal colonies were identified, and colony time-lapse images were segmented for the colony formation model. The following processes were modelled: proliferation, cell marker expression, and migration.
We assumed that these processes were not limited by the surrounding medium and that cell death was negligible over the experimental period of study. Furthermore, we assumed that random migration can be represented as radially symmetric on a culture surface with no directional impediments.
When performing phase-contrast imaging, cells were often touching, making them difficult to segment into individual cells. Experimentally, it was possible to follow the colony development by measurement of cell area rather than cell number. Assuming the area that cells occupy is proportional to the cell number, a proliferation model can be expressed in terms of the total cell area A(t). A proliferation model assumed with a constant rate coefficient k p after a time FIGURE 1 Representative colony analysis. (a) Cells were segmented in phase (white) and clustered to identify colonies (yellow). Cell markers were segmented, and area expression within the colony was determined. Triple positive area for CD73, CD90, and CD105 was determined as the common area between the three markers. (b) Colony was traced back to the colony-founding cell (yellow). Phase-contrast segmentation (cyan) and fluorescence segmentation were used to determine connective tissue progenitor (CTP) metrics. Time lapse in Movie S1. Scale bar: 500 μm [Colour figure can be viewed at wileyonlinelibrary.com] delay τ, which represents the duration of the lag phase. The total cell area at any time is the integral of the average cell area density a(r,t) locally at any radial position over an arbitrarily large radius (r ∞ ) on a material surface (Equation 1).
where A 0 is the initial cell area. Assuming that cells move by random migration with coefficient D and proliferate with rate coefficient k P , the local area cell number density changes over the spatial domain 0 ≤ r ≤ r ∞ according to
(2) ∂t r ∂r ∂r At the initially low cell density, we expect the least hindrance to migration. As the cell population and cell density increase, greater contact inhibition decreases the migration rate, which can be empirically rep-
coefficient and ϕ is a contact inhibition constant. Contact inhibition has been previously found to be important in stem cell proliferation (Hoffmann, Kuska, Zscharnack, Loeffler, & Galle, 2011) . For larger values of a(r,t), D decreases quickly from D 0 to a small value indicated by the gradient:
Combining Equations 2 and 3, the average area density of all cells changes according to
Corresponding to the model of total cell area in a colony, we construct a model of the triple positive surface area expression of CD73, CD90, FIGURE 2 Colony tracking: Phase-contrast images after 6 days in culture from three different patients were segmented for cells (cyan). Colonies were classified as clonal (green), nonclonal (red), or migratory (blue). Apparent prevalence was calculated on the basis of number of colonies.
Tracking the colonies back to the first phase-contrast image enabled identification of cells contributing to colony formation (yellow). Proliferative connective tissue progenitors (CTPs) were identified, and observed prevalence was calculated. Green numbers indicate clonal colony number for modelling. Scale bar: 2,000 μm [Colour figure can be viewed at wileyonlinelibrary.com] and CD105 at any time. The total area of cells with surface expression, A E , corresponding to Equation (1) is
This model assumes negligible proliferation and death of the cells with surface marker expression; however, the increase of cell-surface expression at rate k E is proportional to the area of all cells: k E A. Corresponding to Equation (4), the average area density of cells with surface expression, represented by a E , changes with time according to
where k E a is the rate of area cell-surface expression resulting from nonexpressing cells. Note that the solution to Equation (6) depends on the solution of Equation (4).
The initial conditions were based on the initial area of the colonyfounding cell:
where U is the unit step function, a 0 ¼ πr 0 , and a E;0 ¼ πr E;0 . At the centre of the surface (r = 0), the gradients are zero by radial symmetry;
at the farthest edge of the surface (r = r ∞ ), there are no cells:
Experimentally, corresponding to measurements of cell distribution over discrete spatial regions, we express the model in discretized form. In the continuous spatial domain 0 ≤ r ≤ r ∞ , we define a discrete spatial domain i = 0, 1, 2, …, M, where M is the number of spatial intervals of size Δ = r ∞ /M (Figure 3a) . The relationships between continuous and discrete spatial variables are Cell area density for cells with or without surface expression was discretized into equally spaced (radially symmetric) experimental intervals, M E (Figure 3b ). The outer boundary of radial domain was chosen as r ∞ , the minimum radius at which no cells were present throughout the experiment. The cell area density at r = 0, a 0 , is assumed to be equal to a 1 according to the initial cell area density.
The average area fraction was defined in each of the equally spaced intervals i = 1, 2, … M. Because M E < M, we obtain an average cell area fraction, which is a partial sum with (M/M E ) = p points for each interval k:
In this study, the number of intervals for simulation was M = 100, and the number of experimental intervals is M E = 4 so that p = 25, where 25 50 100
2.10 | Simulation and parameter estimation procedure Parameters were normalized to their highest respective value for ranked comparison among colonies. From these results, we can expect colonies with the highest normalized values of k P , D 0 , k E , and D 0,E and the lowest normalized values of τ and ϕ to characterize CTPs and potential for selection in clinical application. We expect cells with the greatest proliferation, migration, and appropriate cell marker expression to be the desired clones of cells for biomanufacturing.
3 | RESULTS
| Colony cell marker expression
Phase-contrast images taken after 6 days in culture were processed and segmented to automatically identify cells and colonies. Among three patient samples, 69 colonies were identified. The per cent area expression of each cell marker for each colony was determined ( Figure 4 ). Colonies were on average 81.5% positive for CD73, 52.4% positive for CD90, 18.8% positive for CD105, and 11.6% positive for all three markers.
| Colony-founding cell identification and analysis
After colony identification, the time lapse was reversed to identify the colony-founding cell (sample colony time lapse in Movie S1). This analysis demonstrated that colonies were not always founded by a single cell (Figure 2 ). Twelve clonal colonies, 47 nonclonal colonies, and 9 pseudocolonies were identified across the three patient samples. CTPs (n = 375) with proliferative cell progeny contributed to colony formation ( Figure 5 ). The 97.6% (n = 366) were positive for CD73 and 81.2% (n = 291) for CD90. Only 18.8% (n = 103) of CTPs were positive for CD105. The 97.0% of the CD105 positive cells were also positive for CD73 and CD90 (n = 100). and k E , indicating more proliferative colonies had higher rates of differentiation. A positive correlation was observed between k P and D 0 , indicating more proliferative colonies also had higher migration rates.
Lastly, a positive correlation was observed between k E and D 0,E . This indicated triple positive cells with more proliferation had higher cell migration. A sensitivity analysis was applied to show that colony ranking was insensitive to a range of values for the lag phase and contact inhibition constant (Appendix B).
| DISCUSSION
A system for cell culture, live-cell imaging and analysis was developed for direct identification and quantitative characterization of colonyforming cells under physiological conditions. These included appropriate oxygen tension in a two-dimensional cell culture environment prior to the first cell division in vitro. These techniques enabled direct The methods reported here yield an improved objective assessment of the accuracy of traditional CFU assays. The results suggest that a variety of variables may contribute to underestimation or overestimation of CTP number. We found that CTP prevalence estimated by counting apparent colonies at Day 6 was substantially less than the prevalence measured from the number of colony-founding cells that contribute to those colonies. This occurred when several CTPs attached close enough together on the culture surface such that proliferation and migration resulted in progeny populations combining into one apparent but nonclonal colony.
Identification of individual colony-founding cells enabled the characterization of CTPs with respect to expression of CD73, CD90, and CD105. Examining the cell marker expression on the colony-founding cells, we observed that most cells were positive for CD73 and CD90.
Few cells were positive for CD105. As the CTPs proliferated and formed colonies, we found that the trend of significant expression for CD73 and CD90 and relatively little expression for CD105 remained consistent. Their progeny do not conform to the positive cell marker criteria set by International Society of Cell Therapy for MSCs. Previous publications show variation in CD105 in early culture and an increase in CD105 expression with more time in culture (Anderson, Carrillo-Gálvez, García-Pérez, Cobo, & Martín, 2013; Pittenger et al., 1999; Wang et al., 2014) . It is possible that the progeny of CTPs from trabecular surface cells may go on to fully express all three markers at high levels after a longer period of expansion. However, although individual batches of culture expanded MSCs may vary little with respect to expression of CD73, CD90, and CD105, they vary widely with respect to other markers associated with multipotent cell properties (Qadan et al., 2018) . As a result, alternative markers may provide more discriminating metrics for prediction of future performance. Colonies with higher cell proliferation rates were associated with higher migration rates. These colonies with faster growth were also associated with higher rate of triple positive area expression. By equally weighing all simulation parameters, colonies were ranked, thereby categorizing specific colonies that could be suitable for picking and selection for further expansion based on a combination of proliferation rate and cell marker expression. Different ranking methodologies can be used depending on the specific needs or release criteria for a cell therapy product.
Time
This model was developed to deal with the limitations of the imaging data. Segmenting single cells with conventional automated thresholding techniques, such as Otsu's method, is not possible due to the halo effect and shade off artefacts in phase-contrast imaging and necessitated the use of a manual threshold. Improved automated segmentation algorithms designed for phase-contrast images can be used to more accurately segment individual cells (Chalfoun et al., 2013; Jaccard, Szita, & Griffin, 2017) . Additionally, quantitative phase imaging technologies, which are free of artefacts and more easily segmented with conventional threshold algorithms, can be utilized here (Zangle & Teitell, 2014) .
Additionally, cells are constantly changing in cell area as they move and divide over the course of the time lapse, which contributed to experimental noise in the area measurements. Model assumptions of radial symmetry can be broken when cells divide, but the natural tendency for cells to migrate away restores radial symmetry in colonies over time.
To evaluate cell migration coefficients, we simulated the cell number density variation with radius. Setting the outer radius of the model could be automated to more easily prevent empty simulation intervals.
With sparse data, it was necessary to reduce the number of experimental radial intervals to 4 to get a reasonable estimates of D 0 and In this study, characterization of colony-founding cells began 24 hr after seeding. Imaging the cells immediately after seeding is compromised by the presence of obscuring nonadherent cells, which must be removed. Therefore, changes in cell marker expression that may have occurred between the time of seeding and 24 hr later were not observed. Previous studies have identified 13 hr as the mean adherence time for MSCs (Schlie, Gruene, Dittmar, & Chichkov, 2012 ). An earlier media change and characterization of the colonyfounding cells may better reflect the native state of CTPs.
Future work includes analysing other morphological attributes as well as surface markers that may have predictive value in identifying CTP subtypes with preferred biological attributes in short-and longterm cultures and in tissue-specific differentiation assays. Migration rates determined from mathematical modelling can also serve as a measure of potency. Proliferative colonies with higher migration rates tend to be more chondrogenic than slower proliferating colonies (Bertolo et al., 2015) . Non-invasive assessments of cell morphology based on observed differences in culture-expanded MSC populations of different trilineage differentiation capabilities may be informative in inferring colony-level heterogeneity (Seiler et al., 2014) . However, trilineage differentiation needs to be linked to early functional metrics and surface markers to enable modelling and selection based on biological potential.
To our knowledge, this is the first application of live-cell, timelapse imaging for quantitative analysis of the colony formation assay.
Time-lapse imaging and image analysis increased the accuracy of the CFU assay by moving from the apparent prevalence, on the basis of the assumption that one CFU founded every apparent colony, to directly measuring the observed true CFU prevalence. Direct observation provides more definitive documentation of colony-founding cells in the starting cell population and improves estimates of CFU prevalence. Measurement of colony formation parameters as determined by our direct analysis more accurately characterizes CFU heterogeneity. These methods directly enable increased precision in CTPs assays and in examination of early variation in biological performance that may be used to dissect hierarchy in native tissues and in the selection of CTP clones and sources with preferred biological performance for use in cell therapy.
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Data S1: Supporting Information When fixing lag phase and contact inhibition, proliferation rates were largely unchanged between nonfixed and fixed parameter simulations. The estimates were of the same order of magnitude in both simulation cases ( Figure B1 ). Parameter estimates for total cell proliferation, triple positive cell proliferation, and triple positive cell migration were relatively unchanged with parameters lying close to or equally distributed across the 1:1 line. For fixed lag phase and contact inhibition, estimates of the total cell migration coefficient were higher than for the nonfixed case. This can be attributed to migration occurring before the 40 hr. This indicates that early cell contact is important for accurate parameter estimation. Overall, the model parameters were comparable, within one order of magnitude when lag time and contact inhibition were not fixed.
FIGURE B2
Sensitivity analysis for colony rank. Colony rank was evaluated following parameter estimation with fixed lag phase and contact inhibition constant. Three colonies had ranks change by one than one rank. The remaining nine colony ranks were unchanged or changed by one [Colour figure can be viewed at wileyonlinelibrary. com]
Additionally, when reranking colonies desirable for use as a therapy, we found that the colony ranks were mostly unchanged ( Figure B2 ). With the exception of three colonies, colony rank was either unchanged or changed by only one position. The highest ranked colony was also unchanged. Therefore, given that parameter estimates were within the same of order of magnitude and colonies' ranks were generally unchanged, it appears that the model analysis is insensitive to changes in lag phase and contact inhibition parameters.
